A mechanosensitive RhoA pathway that protects epithelia against acute tensile stress.
4 S1B) and immunofluorescence microscopy showed that ppMLC was increased both at junctions and in the cytoplasm (Figures 1B and 1C) .
We then adopted a well-used vertex-based model of an epithelial tissue to predict how these changes in cell contractility might affect cell-and tissue-level stress (Nestor-Bergmann, et al., 2017; Fletcher, et al., 2014; Farhadifar, et al., 2007; Nagai and Honda, 2001; Honda and Eguchi, 1980) . We inferred patterns of relative tension and compression in the tissue using the isotropic component of the cell stress tensor, which we term the effective cell pressure, "## (described in the Computational Supplement). Cells satisfying "## > 0 are predicted to be under net tension, whereas those satisfying "## < 0 are under predicted net compression.
Simulating calyculin by inducing additional contractility in the bulk and cortex of the cell (Computational Supplement), the model predicts that the proportion of cells under net tension increases following treatment with calyculin ( Figure 1D and Movie S1). For a monolayer with boundary conditions that constrain its size, as might be expected of confluent epithelial monolayers, this leads to a predicted increase in global tissue pressure, but very little movement in the tissue (Movie S1).
We then examined the morphological response of monolayers using endogenous E-cadherin that was CRISPR-Cas9-engineered to bear a GFP tag at its C-terminus (Liang, et al., 2017) . Consistent with predictions of the model, little movement of the cells was observed, but junctions appeared to tauten almost immediately after adding calyculin (Movie S2) and remained intact for ~12 min, until they fractured at the very end of the movies. The junctional tautening was consistent with our recent observation that calyculin increases junctional tension, as measured by their recoil following laser ablation (Acharya, et al., 2017) . We further confirmed this at the molecular level using a FRET-based tension sensor incorporated into αcatenin (αCat-TS) (Acharya, et al., 2017) . Calyculin decreased energy transfer across αCat-TS ( Figure 1E and S1C), consistent with an increase in tension. This was supported by increased staining for the tension-sensitive α-18 epitope of αcatenin ( Figure 1F and S1D). Thus, the predicted increase in tissue tension was associated with an observed increase in tension at AJ.
We then used a location biosensor for active GTP-RhoA (AHPH, derived from the C-terminus of anillin (Piekny and Glotzer, 2008) ) to monitor the response of RhoA signaling to calyculin. As previously reported Ratheesh, et al., 2012) , active RhoA signaling is found in a prominent zone at the zonula adherens (ZA) in established steady-state epithelial monolayers ( Figure 1G ). However, the intensity of the signal in this zone increased rapidly with calyculin and remained the most prominent site for RhoA signaling in the cells (Figure 1G and 1H) . By contrast, little change in GTP-RhoA was evident at cell-substrate interfaces ( Figure S1E and S1F). This implied that tissue stress stimulated RhoA signaling at the ZA. This was supported with a FRET-based activity sensor that showed increased energy exchange on addition of calyculin ( Figure 1I and S1G). The specificity of response for both AHPH and RhoA FRET was confirmed by inhibition with C3-transferase (C3-T; Figure 1H and 1I). Together, these findings suggested that contractile tension stimulates junctional RhoA signaling.
To reinforce this conclusion, we adopted the complementary approach of growing Caco-2 cells on flexible substrata and then subjecting them to an acute equibiaxial stretch (10%, 10 min; Figure S1H ). Stretch increases the proportion of cells under net tension within a tissue (Nestor-Bergmann, et al., 2018b; Nestor-Bergmann, et al., 2017; Wyatt, et al., 2015) and we confirmed that tension on the cadherin complex increased with both αCat-TS and α-18 staining (Figure S1I to S1L). Again, we observed increased junctional RhoA signaling, measured both with AHPH ( Figure 1J ) and the Rho-FRET sensor ( Figure 1K and S1O). Together, we conclude that junctional RhoA is a potential mechanosensitive signal that responds to tensile monolayer stress. In order to dissect its functional significance, it was then necessary to define the molecular pathway responsible for this tension-activated RhoA signaling.
p114 RhoGEF mediates stress-activated RhoA signaling. We first sought to identify the molecule(s) responsible for activating RhoA signaling in response to stress. We screened candidate RhoA guanine nucleotide exchange factors (GEFs) that had earlier been implicated in mechanotransduction and/or junctional signaling ( Figure   S2A ) (Lessey, et al., 2012; Ratheesh, et al., 2012; Guilluy, et al., 2011) . This led us to focus on p114 RhoGEF, whose junctional localization increased clearly when monolayer stress was induced either with calyculin (Figure 2A and 2B) or stretch ( Figure S2A and S2B ). This was supported by fluorescence recovery after photobleaching (FRAP) turnover studies, which showed that CFP-p114 RhoGEF at junctions was stabilized by calyculin ( Figure 2C ). In contrast, p115 RhoGEF and LARG did not localize to junctions in Caco-2 cells either before or after stretch ( Figure S2A) ; and while Ect2, and to a minor extent GEF H1, were found at the ZA, neither changed with stress ( Figure S2A and S2B).
We then depleted p114 RhoGEF by RNAi (knock-down, KD) to test its role in tension-activated RhoA signaling ( Figure S2C ). Interestingly, although p114 RhoGEF KD did not affect baseline levels of junctional AHPH robustly, it abolished the increase that was stimulated either by calyculin ( Figure 2D ) or stretch ( Figure 2F ). This was confirmed by Rho FRET (Figure 2E ). In contrast, although steady-state junctional AHPH levels were decreased by Ect2 or GEF-H1 RNAi, neither affected the response to tensile stress ( Figure S2D ). LARG or p115 RhoGEF KD had no effect on the baseline or stretch-stimulated levels of AHPH ( Figure S2D ). This suggested a selective requirement for p114 RhoGEF to activate RhoA in response to tension, whereas other GEFs, such as Ect2 (Ratheesh, et al., 2012) and GEF-H1 mediated baseline signaling. The tension-activated RhoA response was restored to p114 RhoGEF KD cells by expression of an RNAi-resistant FL-p114 RhoGEF transgene ( Figure 2F and S2C) , confirming the specificity of this effect. However, stretch-activated RhoA signaling was not restored by expression of a GEF-defective mutant (p114 RhoGEF Y260A ; Figure 2F and S2C). Together, these findings identified p114 RhoGEF as responsible for stimulating junctional RhoA signaling in response to monolayer stress.
Gα12 confers junctional specificity on p114 RhoGEF recruitment. Then, we asked what was responsible for the selective junctional recruitment of p114 RhoGEF and subsequent RhoA activation. p114 RhoGEF is one of a number of GEFs that respond to heterotrimeric G-proteins of the Gα12/13 subclass (Martin, et al., 2016; Siehler, 2009; Goulimari, et al., 2005) . As these G-proteins have also been implicated in cadherin-dependent morphogenesis (Kerridge, et al., 2016; Lin, et al., 2009 ) and can interact with the cadherin complex (Kaplan, et al., 2001; Meigs, et al., 2001) , they were interesting candidates for junctional mechanotransduction. Indeed, Gα12 was faintly detectable at the ZA in unstressed monolayers but increased when stress was applied, either with calyculin ( Figure 3A and S3A) or extrinsic stretch ( Figure 3B and S3B). In contrast, Gα13 was scarcely detectable at junctions in these cells, either at baseline or after calyculin ( Figure S3D and S3E).
We further found that junctional recruitment of p114 RhoGEF by calyculin ( Figure 3C ) or stretch ( Figure 3E ) was impaired in Gα12 RNAi cells ( Figure S3C ).
Stretch-induced recruitment of p114 RhoGEF was restored to Gα12 RNAi cells by expression of an RNAi-resistant FL-Gα12 transgene ( Figure 3E ). In contrast, stretchinduced recruitment of p114 RhoGEF was not affected by Gα13 KD ( Figure S3G ). This suggested that Gα12 was selectively responsible for recruiting p114 RhoGEF to junctions in response to tensile stress. This was reinforced by FRAP experiments, which showed that calyculin did not stabilize CFP-p114 RhoGEF in Gα12 RNAi cells (Figure 3D and S3F) . Importantly, neither calyculin ( Figure 3F ) nor mechanical stretch ( Figure 3G ) increased junctional RhoA signaling measured by AHPH when Gα12 was depleted unlike Gα13 KD ( Figure S3H ). The specificity of this effect was established by rescue with an RNAi-resistant FL-Gα12 transgene ( Figure 3G ). The Rho FRET sensor confirmed that Gα12 was necessary for stretch to activate junctional RhoA ( Figure 3H ). Therefore, Gα12 was necessary for tensile stress to activate junctional RhoA signaling via p114 RhoGEF. As had been observed for p114
RhoGEF, Gα12 KD did not materially affect the baseline level of junctional RhoA activity, but selectively perturbed the response to tensile stress (Figure 3F and 3G) .
Earlier studies reported that Gα12 can bind directly to the C-terminus of Ecadherin (Kaplan, et al., 2001; Meigs, et al., 2001) . We therefore hypothesized that this interaction might confer junctional selectivity on the tension-activated RhoA response. To test this, we expressed GFP-tagged Gα12 in Gα12 RNAi cells and isolated protein complexes with GFP-Trap ( Figure 3I ). E-cadherin associated with GFP-Gα12 at baseline and the amount was substantially increased by calyculin ( Figure 3I ). This was supported by proximity ligation analysis (PLA), which showed an increased reaction between the two endogenous proteins at cell-cell junctions when tension was applied to monolayers ( Figure 3J and S3I). We then deleted a 67amino acid region in Gα12 implicated in binding E-cadherin, which is separate from the switch region that activates p114 RhoGEF (Gα12 ΔE-cad , Figure 3I ). Gα12 ΔE-cad behaved as a cadherin-uncoupled mutant, as it did not co-immunoprecipitate with Ecadherin at baseline and only a trace increase was seen after stimulation with calyculin ( Figure 3I ). Nor was Gα12 ΔE-cad recruited to junctions when monolayers were stretched ( Figure 3B ). Importantly, Gα12 ΔE-cad reconstituted in Gα12 KD cells did not support either the tension-sensitive junctional recruitment of p114 RhoGEF ( Figure 3E ) or the stretch-stimulated increase in junctional GTP-RhoA ( Figure 3G ).
Together, these findings indicate that tensile stress activates RhoA signaling at the ZA by recruiting Gα12 to E-cadherin. Gα12 then represented a key intermediate that allowed force-sensing at AJ to be transduced into chemical signaling by RhoA.
Myosin VI recruits to E-cadherin in response to tensile stress. The selective junctional localization of GTP-RhoA and its activators suggested that AJ might possess a mechanosensor responsible for detecting acute increases in tensile stress.
We focused our attention on Myosin VI, an F-actin-binding motor that can couple adhesion to the cytoskeleton by directly binding E-cadherin (Mangold, et al., 2012; Maddugoda, et al., 2007) . Importantly, Myosin VI has an intrinsic force-sensitivity (Chuan, et al., 2011; Oguchi, et al., 2008; Altman, et al., 2004) . Under low loads, dimeric Myosin VI serves as a processive motor, but it can convert to a dynamic Factin-based anchor when sufficient load is applied (Chuan, et al., 2011) . We hypothesized that this property might allow Myosin VI to sense tensile forces at the ZA. Consistent with a potential role in force-sensing, junctional Myosin VI levels were increased when monolayer stress was applied ( Figure 4A to 4C and S4A) and FRAP studies showed that calyculin stabilized Myosin VI-GFP at the ZA ( Figure 4D , S4B and S4C). Calyculin also increased the amount of Myosin VI that co-precipitated with E-cadherin-GFP ( Figure 4E , 4F and S4D), as well as the interaction between the endogenous proteins detected by PLA ( Figure 4G and S4E). Thus, monolayer stress promoted the association with E-cadherin that recruits Myosin VI to junctions (Maddugoda, et al., 2007) .
To test whether this might involve the intrinsic force sensitivity of Myosin VI, we sought to specifically disrupt force sensitivity while retaining the transport function of the motor. Force sensitivity in Myosin VI is thought to arise from mechanical gating of nucleotide exchange. Applied load has been reported to accelerate ADP binding, driving a transition from transport to anchoring in dimers (Chuan, et al., 2011; Altman, et al., 2004) . Force-dependent inhibition of ADP release (Elting, et al., 2011; Dunn, et al., 2010) or acceleration of ATP binding (Sweeney, et al., 2007) have also been proposed as mechanisms for coordinating heads via intramolecular strain. The insert 1 region of the motor is implicated in nucleotide gating, and a point mutant in this region (Myosin VI L310G ) affects nucleotide exchange and abolishes ATPase gating in the dimer (Pylypenko, et al., 2011) . However, this mutant preserves processive transport function, with only minor reductions in processive run length (Pylypenko, et al., 2015) .
We therefore hypothesized that the L310G mutation would specifically affect load-dependent anchoring by Myosin VI in vivo. Then we reconstituted Myosin VI KD cells with Myosin VI L310G to test if this mutation affected its tension-sensitive recruitment ( Figure S4F ). We found that, in contrast to GFP-Myosin VI FL , GFP-Myosin VI L310G was not recruited to junctions ( Figure S4A ) or stabilized in response to calyculin ( Figure 4D , S4B and S4C). We further compared the biochemical association of these transgenes with E-cadherin ( Figure 4H and 4I). As seen for the endogenous protein, calyculin increased the association of GFP-Myosin VI FL with Ecadherin, and this required the cargo-binding domain that binds E-cadherin (Myosin VI ΔC ) (Mangold, et al., 2012) . In contrast, while GFP-Myosin VI L310G interacted with Ecadherin under basal conditions, its association was not increased in response to calyculin ( Figure 4H and 4I). Therefore, processive motor function, which is retained in Myosin VI L310G , is not sufficient for stress-induced junctional recruitment. Instead, these findings suggest that recruitment of Myosin VI reflects its load-sensitive anchorage mediated by nucleotide gating.
Myosin VI mediates tension-activated RhoA signaling. Interestingly, junctional recruitment of Myosin VI preceded the accumulation of AHPH when cells were stimulated with calyculin ( Figure S5A ). This suggested that Myosin VI might be an upstream element in the RhoA-activation pathway. Indeed, Myosin VI RNAi abolished the stretch-induced increase in junctional RhoA, monitored with either the AHPH ( Figure 5A and 5B) or Rho FRET sensors ( Figure 5C and S5B). Consistent with its acting at an upstream point in tension-activated RhoA signaling, Myosin VI KD also compromised the stretch-induced recruitment of Gα12 ( Figure 5D and 5E) and p114 RhoGEF ( Figure S5C and S5D). In contrast, p114 RhoGEF KD did not affect tension-sensitive recruitment of Myosin VI ( Figure S5E ). All these features were restored by Myosin VI FL but not by GFP-Myosin VI L310G , implying that its intrinsic mechanosensitivity was necessary for Myosin VI to participate in tensionactivated RhoA signaling.
How, then, did Myosin VI signal to recruit the Gα12-p114 RhoGEF apparatus? Since Myosin VI can interact with E-cadherin, we considered the hypothesis that it might promote the association between E-cadherin and Gα12.
Indeed, we found that an increased amount of Gα12 co-immunoprecipitated with Ecadherin when monolayers were treated with calyculin and this was reduced by Myosin VI KD ( Figure 5G , 5H and S5F). Similarly, Myosin VI KD reduced the calyculin-stimulated association between Gα12 and E-cadherin that was detected at junctions by PLA ( Figure 5F ). The biochemical interaction between E-cadherin and Gα12 was restored by expression of Myosin VI FL , but not when cells were reconstituted with either Myosin VI ΔC or Myosin VI L310G ( Figure 5G and 5H). Thus, both the intrinsic load sensitivity of Myosin VI and its ability to bind E-cadherin were necessary for tensile stress to enhance the E-cadherin-Gα12 interaction. As Myosin VI was also found in the E-cadherin immune complexes, it was formally possible that Myosin VI might independently recruit Gα12. However, the association between Myosin VI and Gα12 required E-cadherin, being reduced E-cadherin KD ( Figure S5G to S5I). This suggested that Myosin VI interacts indirectly with Gα12 through Ecadherin. Overall, these data identify Myosin VI as the mechanism that couples force sensing to signal transduction by promoting the formation of an E-cadherin-Gα12 complex that leads to activation of RhoA.
p114 RhoGEF signaling helps monolayers resist tensile stress. Altogether, these findings identified a mechanosensitive RhoA pathway at AJ that responds when tensile stress is applied to monolayers. To evaluate its functional significance, we first tested how the epithelial barrier, measured by transepithelial electrical resistance (TER), responded when intrinsic tension was increased with calyculin. TER was effectively preserved in control monolayers, even when they were treated with calyculin ( Figure 6A and S6A). Similarly, p114 RhoGEF KD cells showed a stable TER throughout the observation period ( Figure 6A ). However, TER rapidly and progressively fell when calyculin was added to p114 RhoGEF KD cells ( Figure 6A and S6A). The implication that RhoA signaling was necessary to preserve the epithelial barrier in the face of tensile stress was further supported by blocking RhoA directly with C3-T ( Figure 6A and S6A). Together, these findings suggested that the stress-activated RhoA pathway was necessary to preserve epithelial barrier integrity in the face of monolayer stress.
To better characterize this process, we monitored E-cad-GFP junctions by live-cell imaging. Monolayer integrity remained undisturbed in both control Caco-2 cells (Movie S3) and p114 RhoGEF KD cells (Movie S4) that were not treated wit calyculin. In contrast, calyculin caused p114 RhoGEF KD cells to fracture at multiple sites throughout the monolayer during the course of the movies (Movie S6). Although fracturing was eventually seen in control monolayers treated with calyculin (Movie S2), quantitation confirmed that it occurred much earlier in p114 RhoGEF KD cells ( Figure 6B and 6C). Collectively, these findings indicated that the p114 RhoGEF pathway serves to preserve the integrity of cell-cell contacts against the increased tensile stress within the monolayers.
Mechanical modelling predicts that p114 RhoGEF signaling protects epithelial integrity by increasing yield limit.
We then used the vertex model to consider how tension-activated p114 RhoGEF signaling might alter cell mechanics to maintain epithelial integrity (Computational Supplement). One possibility was that p114 RhoGEF signaling increased the stiffness of the junctional cortex, which was predicted to protect a tissue undergoing a stretch deformation by decreasing the bulk modulus while increasing the shear modulus of the tissue (Nestor-Bergmann, et al., 2018a) . Actomyosin contributes to cortical stiffness and, indeed, junctional actomyosin increased when control monolayers were treated by calyculin, but not in p114 RhoGEF KD cells ( Figure S6B and S6C). However, when we modelled an increase in internal contractility induced by calyculin, simulations revealed that further increasing cortical stiffness alone accelerated the onset of fractures (Movie S7), rather than delaying it, as was observed experimentally ( Figure 6C ). Thus, an increase in cortical stiffness alone did not explain the protective effect of p114 RhoGEF signaling.
To obtain further insight into the additional protective effect of the p114 pathway, we first assessed where fractures were initiated. Physical considerations predicted that multicellular vertices would be the sites that were subject to the greatest level of force (Higashi and Miller, 2017) and therefore the most prone to fracture. Indeed, quantitation of E-Cad-GFP movies confirmed that calyculin-induced fractures began overwhelmingly at vertices ( Figure 6D ), in both control and p114
RhoGEF KD cells. We therefore hypothesized that an increase in the yield limit of multicellular vertices might protect monolayers, even when cortical stiffness was also increased. Supporting this, simulations showed that increasing the yield limit substantially delayed the onset of fracture (Movie S8), as was found in our experiments. Furthermore, the fracture behaviour resembled more closely that seen experimentally. Thus, the increased build-up of forces led to cell recoil after fracture that was much greater than that seen in p114 RhoGEF KD monolayers (compare Movies S2 and S8 with Movie S5).
Close inspection of the movies indicated that cells separated from one
another as fractures began ( Figure S6D , Movies S9 and Movie S10), suggesting a defect in adhesion. Indeed, E-cadherin intensity increased at vertices when control monolayers were treated with calyculin, but did not rise in p114 RhoGEF KD cells ( Figure 6E , F). This was further supported by FRAP analyses, which showed that the immobile fraction of E-cadherin-GFP was reduced when p114 RhoGEF KD cells were treated with calyculin, whereas it was maintained in control cells ( Figure 6G ).
We then examined the actomyosin cytoskeleton at the vertices, as a potential locus for cadherin stabilization. Since NMII stimulation by calyculin was not materially affected by p114 RhoGEF KD ( Figure S6E and SF), we focused on F-actin itself. The F-actin content at the vertices was increased when control cells were stimulated by calyculin ( Figure 6G ) and SIM imaging showed that this manifested as a dense accumulation ( Figure 6E ), with increased nematic order ( Figure 6I ), suggesting that F-actin organization was becoming more co-linear. In contrast, F-actin organization at vertices was more disorganized at baseline in p114 RhoGEF KD cells ( Figure 6E ), and failed to condense ( Figure 6H ) or increase in nematic order after calyculin ( Figure 6I ). Overall, these findings suggest that mechanosensitive p114 RhoGEF signaling to the junctional cytoskeleton may help maintain a stable fraction of Ecadherin at vertices that is necessary for monolayers to resist tensile stresses.
Discussion
Epithelia are subject to tensile forces that can potentially disrupt the cell-cell integrity that is necessary for them to form physiological barriers (Charras and Yap, 2018) . This is exemplified by our observation that monolayers fracture through separation of cell-cell contacts when monolayer contractility is acutely increased by calyculin. Our experiments now identify a junctional mechanotransduction pathway that is responsible for sensing, and responding to, such tensile stresses. We propose that Myosin VI is the key sensor of tensile stress applied to adherens junctions that promotes the formation of an E-cadherin-Gα12 complex to activate the p114 RhoGEF-RhoA pathway (Figures S6H, S7). Of note, RhoA signaling is active at the ZA, even under resting conditions (Ratheesh, et al., 2012) , but this is mediated by distinct GEFs, such as Ect2 and GEF-H1. Thus, the Myosin VI-Gα12-p114 RhoGEF pathway that we have identified can be considered a selective response to suprabasal tensile stress.
At first sight, it seemed paradoxical that stimulation of RhoA would be used to preserve epithelial integrity. RhoA promotes actomyosin assembly at AJ under resting conditions (Ratheesh, et al., 2012; Smutny, et al., 2010) and also in calyculinstimulated cells. Both F-actin and NMII increased at bicellular junctions upon treatment with calyculin and this was abrogated by p114 RhoGEF KD. Although RhoA can activate NMII and also promote actin assembly (Lessey, et al., 2012) , we consider that actin regulation was the key factor in our experiments, as calyculin appeared to maximally stimulate NMII. Nonetheless, this p114 RhoGEF-stimulated increase in actomyosin might be expected to increase the line tension in bicellular junctions and enhance the forces acting to disrupt epithelial integrity, especially when focused on multicellular junctions (Higashi and Miller, 2017) . One possibility was that enhanced actomyosin also increased the stiffness of junctions, providing increased resistance to tensile stress. However, simulations in a mechanical model indicated that this increasing stiffness alone accelerated monolayer fracture rather than retarding it.
Instead, we consider that the protective effect of the p114 RhoGEF pathway is better explained by an increase in the yield limit of cell vertices. In simulations of our vertex model, increasing the yield limit protected monolayer integrity against calyculin-induced stresses, even if junctional stiffness was also increased.
Experimentally, we suggest that this reflects an increase in resistance at the multicellular vertices. Physical considerations identify vertices as the junctional sites where cellular forces will be greatest (Higashi and Miller, 2017) and, indeed, vertices were the principal sites where cell separation first began in our experiments. The accelerated onset of fracture that was seen in p114 RhoGEF KD cells then implied that tension-activated p114 RhoGEF-RhoA signaling might reinforce vertices against stress. A diverse variety of membrane proteins have been identified at multicellular junctions (Higashi and Miller, 2017) , including proteins that are restricted to the vertices as well as others, such as E-cadherin itself, that are found more generally.
Without excluding possible contributions of other adhesion mechanisms, our data implicate a role for regulation of E-cadherin itself. Thus, E-cadherin levels increased at vertices of calyculin-stimulated cells, but this did not occur when p114 RhoGEF was depleted. Turnover studies suggest that this reflects a failure to stabilize Ecadherin, which may be due to a concomitant failure of F-actin dynamics to respond to the stress. This is consistent with earlier evidence that RhoA stimulates actin regulators, such as mDia1, which promote filament assembly and regulate F-actin network organization to stabilize E-cadherin at the ZA (Acharya, et al., 2017; Rao and Zaidel-Bar, 2016; Carramusa, et al., 2007) .
It was noteworthy that RhoA signaling was selectively increased at cell-cell junctions, but not at other adhesive sites, especially cell-substrate interactions. This highlights a key role for force-sensors to confer spatial specificity on the mechanotransduction response. Here, we find that this crucial role is played by Myosin VI, which was recruited to junctions stimulated by tensile stress and was responsible for eliciting the downstream RhoA response. We suggest that this reflects the pronounced capacity of Myosin VI to anchor to actin filaments in response to load (Chuan, et al., 2011; Altman, et al., 2004) , as the impact of Myosin VI was abrogated by the L310G mutant which retains processive motor function but has defective nucleotide gating linked to load-sensitivity (Pylypenko, et al., 2015; Pylypenko, et al., 2011) . We propose that monolayer tension is transmitted to Myosin VI via the E-cadherin with which it associates, even under resting conditions (Maddugoda, et al., 2007) . Increased load then stabilizes Myosin VI at the ZA by increasing its anchorage to the junctional F-actin cytoskeleton. Exactly how Myosin VI promotes the association of Gα12 with E-cadherin to activate RhoA is an important question for future work. One possibility is that it may promote conformational changes or recruit associated proteins that stabilize the cadherin-Gα12 interaction; alternatively, actin-anchored Myosin VI may constitute a kinetic trap that regulates cadherin clustering for signaling. Irrespective, Myosin VI appears to exert its signaling effects via E-cadherin-Gα12, since stress-activated RhoA was abolished if Gα12 was unable to bind cadherin.
In conclusion, our findings identify a mechanotransduction pathway that is selectively elicited to preserve epithelial integrity in response to tensile stress. The selectivity of this pathway implies that junctions may possess multiple mechanisms that sense mechanical signals that may be elicited under different circumstances. Of note, α-catenin is necessary for the elemental force-sensitive association of cadherins with F-actin (Buckley, et al., 2014) , and also supports Ect 2-dependent RhoA signaling at junctions under basal conditions (Ratheesh, et al., 2012) .
Therefore, α-catenin may confer mechanosensitivity under basal conditions, whereas the Myosin VI-dependent pathway that we have identified is elicited in response to superadded stress. Furthermore, our experiments tested the effects of acute application of tensile stress. Other mechanisms can be elicited when stresses are applied more slowly or sustained longer, such as cellular rearrangements and oriented cell division (Hart, et al., 2017; Etournay, et al., 2015; Wyatt, et al., 2015; Campinho, et al., 2013) . Lessey, E.C., Guilluy, C., and Burridge, K. (2012) . From mechanical force to RhoA activation. Biochemistry 51, 7420-32.
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Materials and Methods
Cell culture and transfection.
Human colorectal Caco-2 cells were obtained from ATCC (HTB-37) and cultured in RPMI media supplemented with 10% FBS, 1% non-essential amino acids, 1% lglutamine and 1% penicillin/streptomycin. Cells were tested for mycoplasma and source cultures maintained in low doses of plasmocin (Invivogen) to prevent mycoplasma contamination. E-Cad-GFP Caco-2 cells generated by CRISPR/Cas9 genome editing were described earlier (Liang, et al., 2017) . β-catenin, α-Catenin, and p120-catenin immunoprecipited with E-cadherin GFP in the working clone (B1C2) to the similar extent as did E-Cadherin from a control Caco-2 line cells (Liang, et al., 2017) . Quantitative immunofluorescence also showed identical levels of Ecadherin, α-Catenin, NMIIA and F-actin in the E-Cad-GFP Caco-2 line as in control
Caco-2 cells. Cells were transfected at 50-60% confluency using Lipofectamine 3000 (Invitrogen) for expression constructs or RNAiMAX (Invitrogen) for RNAi oligonucleotides according to the manufacturer's instructions. Cells were processed for experiment and analysis 24-48 h post transfection as required.
Application of equibiaxial static stretch.
Caco-2 monolayers was grown on collagen-coated 25 mm BioFlex culture plates.
Cells were subjected to static stretch using a Flexcell Fx-5000TM Tension System (Flexcell International, Hillsborough, NC) for 10 min with 10% strain. Control wells were plugged at the bottom by rubber capping without application of any stretch. The inhibitors were present during the static stretch wherever needed.
siRNA, Antibodies and Drugs.
Target proteins were depleted by RNAi in Caco 2 cells using custom designed or commercially available siRNAs (Invitrogen, Sigma USA or IDT, Singapore (Acharya, et al., 2017) .
Immunofluorescence and live-cell microscopy.
For immunofluorescence, cells were either fixed with methanol at −20 0 C or with 4% paraformaldehyde in cytoskeleton stabilization buffer (10 mM PIPES at pH 6.8, 100
mM KCl, 300 mM sucrose, 2 mM EGTA and 2 mM MgCl 2 ) and subsequently For PLA analysis, we have masked the junction using the F-actin staining and measured the PLA dots on that masked region for all images using ComDet plugin of ImageJ. To analyse the fluorescence intensity at vertices, a constant circular ROI of 3.1 µm diameter was drawn encircling the vertices. The mean intensity of all pixels within that ROI was calculated and plotted for E-cadherin and F-actin in different experimental conditions.
To quantitate fracture initiation from movies, we measured the change in number of intact vertices (as fractures were overwhelmingly initiated at vertices). We measured the number of intact vertices present at each sample time point (using Tissue
Analyzer and ComDet plugin of ImageJ), subtracted this from the total number of vertices present at the start of the movie, and normalized this difference value to the initial number of vertices. For junctional fracture index, the entire image was segmented into small square templates and the number of junctions were counted.
FRET and FRAP Analysis.
For aE-Cat TS FRET (Acharya, et al., 2017) , human aE-Catenin specific siRNA and only included them in FRET calculation as described earlier (Ratheesh, et al., 2012) . Mean FRET/YFP ratio of junctional pixels of three independent experiments were normalized with untreated or unstretched control and plotted for statistical analysis. We determined the linear pixels in our images by calculating the emission ratio of FRET/YFP and FRET/CFP for every pixel present within the ROIs across all of the images of the control condition. We therefore sorted all pixels according to 
Nematic Order analysis of F-actin
F-actin filament orientation was assessed with the nematic order parameter (Reymann, et al., 2016) were then washed three times on ice to remove non-specific binding, boiled in the SDS-PAGE loading buffer and then centrifuged at 12,500 g; 10 min. The supernatants were subjected to Western blotting.
Transepithelial electrical resistance (TEER) measurements.
Caco 2 cells were plated at a 2x10 5 on Transwells with polyester membrane inserts (12 mm diameter, 0.4 mm-pore size; Corning, MA). TEER was measured using a 
Statistical Analysis and Code Availability
All data displayed are represented as mean ± SEM, derived from three or more independent experiments as indicated in figure legends, and all statistical analyses were performed using GraphPad Prism. Unpaired two-tailed t tests were used to compare datasets consisting of two groups, and a Welch's correction was included when data normalized to the control values were being assessed. One-way ANOVA with Dunnett's post hoc test was used to compare three or more groups. For comparing two different independent conditions with three or more groups two-way ANOVA with with Sidak's multiple comparisons test was performed. The MATLAB scripts for FRET analysis as the codes for simulations of the vertex model described in this paper are available on request. Figure 7S ; Acharya, et. al. 
